Two-photon calcium imaging is often used with genetically encoded calcium indicators (GECIs) 26 to investigate neural dynamics, but the relationship between fluorescence and action potentials 27 (spikes) remains unclear. Pioneering work linked electrophysiology and calcium imaging in vivo 28 with viral GECI expression, albeit in a small number of cells. Here we characterized the spike-29 fluorescence transfer function in vivo of 91 layer 2/3 pyramidal neurons in primary visual cortex 30 in four transgenic mouse lines expressing GCaMP6s or GCaMP6f. We found that GCaMP6s 31 cells have spike-triggered fluorescence responses of larger amplitude, lower variability and 32 greater single-spike detectability than GCaMP6f cells. Single spike detection rates differed 33
Introduction 38
Genetically encoded calcium indicators (GECIs) are widely used with two-photon (2-p) laser 39 scanning microscopy to report neuronal activity within local populations in vivo (Luo et al., 40 2018) . By reporting changes in calcium-dependent fluorescence, this optical approach is 41 minimally invasive and enables simultaneous measurement of activity from hundreds or even 42 thousands of neurons at single-cell resolution. As such, calcium imaging has become an 43 attractive alternative to extracellular electrophysiology for surveying large neuronal populations 44 of genetically identified cells, in particular over multiple sessions. Indeed, using a newly 45 developed GECI such as GCaMP6s, fluorescence changes associated with isolated single 46 spikes (action potentials) in vivo can be reliably detected when imaged at sufficiently high 47
(Emx1-f) and Cux2-CreERT2;Camk2a-tTA;Ai93 (Cux2-f) ( Table 1) . A total of 237 neurons, all of 84 which had apparent baseline fluorescence which was clearly excluded from the nuclei, were 85 randomly selected to record and image for spontaneous activity or visually-evoked responses. 86
To directly compare our results to virally-expressed GCaMP6f and GCaMP6s (Chen et al., 87 2013), calcium imaging was performed at high optical zoom focused on individual cells (field of 88 view of ~20 x 20 µm at ~158 frames per second; fps). We also patched and imaged a subset of 89 these neurons at a lower zoom factor, i.e. one at which the responses of many neurons can be 90 characterized in parallel (field of view of ~400 x 400 µm at ~30 fps), allowing direct comparison 91 of calcium fluorescence responses acquired at higher spatiotemporal resolution with that more 92 commonly employed by other studies including our Brain Observatory dataset (de Vries et al., 93 2019). 94 95 A large number (>550) of individual recording/imaging sessions, 2-4 min each, were obtained 96 from these 237 cells (multiple sessions were collected for some cells in cases where the patch 97 remained stable). Upon careful inspection of these sessions, we selected 91 cells with high-98 quality recording and imaging conditions from the 4 mouse lines (Table 1) visually-evoked recordings, respectively. Total: total number of cells in high-zoom dataset. Low-104 zoom: cells imaged at both high-and low-optical zooms. *One Emx1-f cell was imaged at the 105 same low optical zoom but with smaller field of view and at ~60 fps; see Results. The duration 106 of the exclusion and summation windows used for each mouse line is described in Methods 107
and Figure 1B . Throughout the manuscript, "spike" and "spiking activity" always refer to fast, presumably Na+ 111 mediated, all-or-none electrical events. To delineate the relationship between spiking activity 112 and GCaMP6 fluorescence, we focused on isolated spiking events whose calcium responses 113 were well-separated from, and thus minimally contaminated by, those of adjacent spikes. A 114 spiking event is defined as a group of spikes within a spike summation window (150 ms and 50 115 ms for GCaMP6s and GCaMP6f, respectively) with no spikes in the pre-event and post-event 116 exclusion windows (150 ms and 50 ms pre and post respectively for GCaMP6s, and 50 ms both 117 pre and post (after the last spike) for GCaMP6f) (Figure 1B) . We summed the number of spikes 118 within each spiking event, aligned fluorescence responses to the first spike within the event, and 119 computed the peak fluorescence change (dF/F peak) during the calcium response window (200 120 ms for GCaMP6s, 50 ms or 75 ms for GCaMP6f in single-spike or multi-spike events) ( Figure  121 1B-D; see Methods for spike exclusion, spike summation, and calcium response windows). 122
Spiking events were binned based on the number of spikes within each event. Following this 123 approach, we constructed single-cell spike-to-calcium fluorescence response curves (dF/F peak 124 as a function of the number of spikes, with a minimum requirement of 3 events per bin; Figure  125 2). Events with >5 spikes were excluded from analysis due to the low frequency of such events 126 (e.g., ≥3 6-spike events were observed in 2 out of 32 Emx1-s cells, 0 out of 6 tetO-s cells, 5 out 127 of 26 Emx1-f cells, and 1 out of 27 Cux2-f cells; also see Figure 6C , i below). 128 µm from the cell center, excluding the selected cell, and neuropil subtraction was performed as: 133
Fcorrected(t) = Fmeasured(t) -r × Fneuropil(t), where r was the neuropil contamination ratio (Figure 2-134 figure supplement 1). Neuropil subtraction using a constant r-value for all cells (ranging from 135 0.1 to 0.7, where 0.7 was used for virally expressed GCaMP6) did not consistently decrease 136 within-cell variability of dF/F peak (i.e. variability across spiking events) ( supplement 1) even though they were not recorded from the same cell and/or animal, and were 147 therefore pooled in the population responses. Data from mice anesthetized with isoflurane (n = 148 77 cells from 18 mice) and urethane (n = 14 cells from 4 mice; see Methods) were also pooled 149 as their response curves and firing rates were consistent with each other (Figure 3-figure  150 supplement 2). 151
152
Of the 4 mouse lines, tetO-s exhibited the largest single-spike fluorescence response (dF/F 153 peak: 13.6±3.7%, mean ± sd), followed by Emx1-s (7.8±2.6%), Cux2-f (6.0±1.6%), and Emx1-f 154 (4.5±1.6%) ( Figure 3A-D) . The response curve slopes (representing the average dF/F increase 155 per spike, computed from linear regression of dF/F peak against the number of spikes) of the 4 156 lines were comparable to each other, with tetO-s being somewhat higher (Figure 3E) . 157
158
For a more direct comparison with that of viral GCaMP6 (Chen et al., 2013), we additionally 159 analyzed our data using a neuropil contamination ratio of 0.7 (Figure 3-figure supplement 3) . 160
Aggregating spiking events across cells, mean dF/F peak in response to 5-spike events within 161 150 ms and 50 ms for GCaMP6s and GCaMp6f, respectively, was 135% for Emx1-s, 117% for 162 tetO-s (130% in response to 4-spike events), 130% for Emx1-f, and 93% for Cux2-f. In 163 comparison, Chen et al. reported ~200% and ~100% mean dF/F peak in response to 5-spike 164 events within 250 ms for viral GCaMP6s and GCaMP6f, respectively. Without neuropil 165 subtraction, mean dF/F peak in response to 5-spike events was 62% for Emx1-s, 73% for tetO-166 s, 62% for Emx1-f, and 52% for Cux2-f (Figure 3B, bottom) . 167 168
Fluorescence response variability 169
Within-cell variability of dF/F peak, as measured by the mean coefficient of variation across all 170 spiking events, was significantly larger in GCaMP6f-expressing cells compared to that in 171 GCaMP6s (Figure 4A) . Likewise, within-cell variability for single-spike events was significantly 172 larger in GCaMP6f-expressing cells compared to that in GCaMP6s. In GCaMP6f-expressing 173 cells (but not GCaMP6s-expressing cells), single-spike events exhibited significantly larger 174 within-cell variability compared to multi-spike events (Figure 4B ). Between-cell (cell-to-cell) 175 variability of dF/F peak was generally similar across the 4 lines ( Figure 4C) . 176
177
To determine the signal-to-noise ratio (SNR) and whether single-spike events could be 178 distinguished from zero-spike events (imaging noise), we first identified no-spike intervals of ≥1 (Figure 3B) , with the 197 exception of tetO-s cells, whose SNR was lower due to a higher noise floor. However, tetO-s, 198 with a small sample size (n = 4 cells with at least 1 no-spike interval), also had few multi-spike 199 events (e.g. only 1 cell with 4-spike events). 200 201
Spike detection 202
We next examined spike detection at the single-trial level. Mean (± sd) detection rates were 203 63±25% and 94±11% for Emx1-s, 87±15% and 100% for tetO-s, 48±21% and 82±26% for 204 Emx1-f, and 40±27% and 74±22% for Cux2-f for single-spike and 2-spike events, respectively, 205 at 5% false positive rate (Figure 5 ). Spike detection rates differed substantially between cells, 206 from 0 to 100% for isolated spikes detected with GCaMP6s at 1% false positive rate (Figure 5) . between cells. Mean±sd optimal r-values were 0.39±0.30 for Emx1-s (range 0 to 0.8, with r<0.5 220 in 14 of 30 cells or 47%), 0.28±0.31 for tetO-s (range 0 to 0.7, with r<0.5 in 3 of 4 cells or 75%), 221 0.43±0.33 for Emx1-f (range 0 to 1, with r<0.5 in 13 of 22 cells or 59%), and 0.33±0.36 for Cux2-222 f (range 0 to 1, with r<0.5 in 15 of 22 cells or 68%) ( Figure 5-figure supplement 1) . In the 223 Allen Brain Observatory, r-values were calculated individually for each neuron and follow similar 224 distributions to these optimal r-values. At optimal r-values, the single-spike detection rate at 5% 225 false positive rate was 76±21% (mean±sd) for Emx1-s, 92±11% for tetO-s, 52±23% for Emx1-f, 226
and 40±27% for Cux2-f. 227 228
Spiking characteristics 229
Spontaneous or visually evoked firing rates of individual cells, computed from the total number 230 of spikes detected during a recording, were similar across mouse lines (Emx1-s: 1.17±0.71 Hz, 231 mean±sd; tetO-s: 0.96±0.40; Emx1-f: 1.52±1.34; Cux2-f: 1.47±1.43; referred to as spikes 232 detected in Figure 6A ). After preprocessing (selecting isolated spiking events with 5 spikes 233 within spike summation windows of 150 ms and 50 ms for GCaMP6s and GCaMP6f, 234 respectively, and excluding atypical spiking events -see Methods), 70-78% of detected spikes 235 were included in the response curve analysis (Figure 6B ; referred to as spikes analyzed in 236 In multi-spike events, we assessed whether variability in dF/F peak could be attributed to the 243 mean inter-spike interval (ISI) within the spiking event (here, the maximum ISI corresponded to 244 the spike summation window: 150 ms and 50 ms for GCaMP6s and GCaMP6f, respectively). 245
Pooling multi-spike events from all cells, the mean ISI was negatively correlated with dF/F but 246 explained little of its variance (R 2 ranging from 0.03 to 0.21; Figure 6-figure supplement 2) . 247
Breaking this down into individual cells, we found a small fraction of cells having spiking events 248 with significant correlation coefficients of dF/F peak and mean ISI ( At the single-trial level, detection of single-spikes was 15±12% for Emx1-s (compared to 272 52±28% for the same cells imaged at high-zoom), 15±8% for Emx1-f (47±18% at high-zoom), 273
and 9±7% for Cux2-f (42±26% at high-zoom) at 5% false positive rate (Figure 7-figure  274 supplement 2). For 2-spike events, detection rate at low-zoom was 36±22% for Emx1-s 275 (compared to 92±16% for the same cells imaged at high-zoom), 16±11% for Emx1-f (86±23% at 276 high-zoom), and 19±12% for Cux-f (73±24% at high-zoom) at 5% false positive rate. contamination of fluorescence responses by subsequent spiking events, we used spike 300 summation windows of 150 ms and 50 ms for GCaMP6s and GCaMP6f, respectively, instead of 301 250 ms as reported in Chen et al., a change that was necessitated by differences in firing rates 302 between our dataset and theirs. Choosing a constant neuropil contamination ratio of 0.7, dF/F 303 magnitudes of Emx1-f and Cux2-f were comparable to that of viral GCaMP6f (~100% for 5-spike 304 events in viral GCaMP6f), whereas Emx1-s and tetO-s were lower than that of viral GCaMP6s 305 (~200% for 5-spike events in viral GCaMP6s). To avoid potential confounding factors 306 associated with choosing a constant neuropil contamination ratio for all cells (e.g. increased 307
within-cell variability and artificially boosted dF/F magnitude), we chose not to perform neuropil 308 subtraction in subsequent analyses, except to quantify the relationship between neuropil 309 contamination ratio and the efficiency of detecting single-trial spiking events (discussed below). thus validating our experimental setup. Additionally, we found that spike detection rate, similar to dF/F magnitude, was dependent on the neuropil contamination ratio r. We found optimal r-335 values for maximizing single-spike detection rates in individual cells, by maximizing the area 336 under the ROC curve for classifying spiking events. The effect of optimizing r-values on spike 337 detection rate was most pronounced in Emx1-s, with an increase of 3662% per cell compared 338 to r = 0 (at 5% false positive rate; the corresponding mean single-spike detection rate increased 339 from 63±25% to 76±20%). These data highlight the potential benefit of tuning r-values for 340 individual neurons, as was done for our Brain Observatory dataset (de Vries et al., 2019), over 341 the traditional method of selecting a constant r-value for the population. However, it is worth 342 noting that increased r-values also typically resulted in increased within-cell variability of dF/F 343 peak and increased dF/F magnitude, as discussed above. 344 345 2-p calcium imaging of large neuronal populations in parallel is typically performed on the order 346 of 30 fps, providing a small fraction (~20% in this study) of the number of temporal samples of 347 that imaged at high-zoom. Additionally, assuming an 8 × 8 µm square cell, the number of pixels 348 at low-zoom was 6.25% (10 2 /40 2 ) of that at high-zoom. Coupled with differences in the number 349 of samples per pixel (13 or 18 at high-zoom and 3 at low-zoom), the number of spatial samples 350 at low-zoom was ~1.5% of that at high-zoom. Not surprisingly, we observed reduced response 351 curve slope, higher variability, and lower SNR when imaging at the lower spatiotemporal 352 resolution. Furthermore, single-spike detection rates (at 5% false positive rate) dropped from 353 ~40-50% when imaged at high-zoom to ~10-15% at low-zoom in the same cells. At low-zoom, 354 detection of 2-spike events remained unreliable: <40% for Emx1-s and <20% for Emx1-f and 355
Cux2-f. Due to the nature of our experiments (e.g. acute surgical preparation, with brain motion 356 controlled through agarose, and the presence of a recording micropipette), our low-zoom data 357 may be underestimating the data quality for a typical population imaging session (a chronic, 358 more stable preparation with a coverslip cranial window, no micropipette and associated tissue 359 damage). Nevertheless, these data from the same cells offer a point of comparison between 360 data acquired under high-zoom and population imaging conditions. 361
362
In summary, in this study we present a ground truth dataset with simultaneous electrophysiology 363 and calcium imaging. This unique dataset allowed us to systematically compare multiple 364 aspects of spike-response properties between different GECIs (GCaMP6s and GCaMP6f) and 365 among several transgenic lines. For example, we found that GCaMP6s and GCaMP6f cells 366 have similar spike-fluorescence response curves, but GCaMP6f cells have greater variability 367 and lower single-spike detection probability than GCaMP6s cells. While both GCaMP6f and GCaMP6s cells have reasonably good SNR and single-spike detectability at high-zoom 369 conditions, both types of properties deteriorate substantially under the commonly used low-370 zoom population imaging conditions, with single-spike detection probabilities dropping to 4-20% 371 (at 1-10% false positive rates). This finding has important implications for the interpretation of 372 many large-scale in vivo calcium imaging datasets. By making our data freely available, we 373 hope that it will serve the community as a further resource to better understand quantitatively 374 the link between calcium-evoked fluorescent imaging signals and spiking activity. 375 376 377
Materials and Methods 378
Experimental procedures were in accordance with NIH guidelines and approved by the 379 Institutional Animal Care and Use Committee (IACUC) of the Allen Institute for Brain Science. 380
All experiments were conducted at the Allen Institute for Brain Science. MgCl2 1, NaHCO3 26, glucose 10, CaCl2 2, in ddH2O; 290 mOsm; pH was adjusted to 7.3 with 396 NaOH to keep the exposed V1 region from overheating or drying. Durotomy was performed to 397 expose V1 regions of interest that were free of major blood vessels to facilitate the penetration 398 of recording micropipettes. A thin layer of low melting-point agarose (1-1.3% in ACSF, Sigma-399
Aldrich) was then applied to the craniotomy to control brain motion. The mouse body 400 temperature was maintained at 37°C with a feedback-controlled animal heating pad (Harvard 401 Apparatus). 402 Calcium imaging. Individual GCaMP6+ neurons within ~100-300 µm underneath the pial 404 surface were visualized under adequate depth of anesthesia (Stage III-3) using a Bruker 405 (Prairie) 2-p microscope with 8 kHz resonant-galvo scanners, coupled with a Chameleon Ultra II 406
Ti:sapphire laser system (Coherent). Fluorescence excited at 920 nm wavelength, with <70 mW 407 laser power measured after the objective, was collected in two spectral channels using green 408 (510/42 nm) and red (641/75 nm) emission filters (Semrock) to visualize GCaMP6 and the Alexa 409 The mouse's eye was positioned ~22 cm away from the center of the monitor. For static 429 gratings, the stimulus consisted of 4 orientations (45° increment), 4 spatial frequencies (0.02, 430 0.04, 0.08, and 0.16 cycles per degree), and 4 phases (0, 0.25, 0.5, 0.75) at 80% contrast in a 431 random sequence with 10 repetitions. Each static grating was presented for 0.25 seconds, with 432 no inter-stimulus interval. A gray screen at mean illuminance was presented randomly a total of 433 60 times. For drifting gratings, the stimulus consisted of 8 orientations (45° increment), 4 spatial 434 frequency (0.02, 0.04, 0.08, and 0.16 cycle per degree) and 1 temporal frequency (2 Hz), at 435 80% contrast in a random sequence with up to 5 repetitions. Each drifting grating lasted for 2 436 seconds with an inter-stimulus interval of 2 seconds. A gray screen at mean illuminance was 437 presented randomly for up to 15 times. ROI could not be found automatically, and a circular ROI covering the entire soma was used 456 instead. Calcium imaging data was smoothed using a local regression method using weighted 457 linear least squares and a 1 st degree polynomial model (built-in "smooth" function in MATLAB 458
with "rlowess" method), and an averaging window of 5 frames. 459
460
To construct spike-calcium fluorescence response curves, we first identified all isolated spiking 461 events regardless of the number of spikes they contained. For GCaMP6s, spiking events were 462 separated from previous and subsequent spiking events by >150 ms and >50 ms, respectively, 463 due to the higher firing rates in our study. The 50 ms post-event exclusion window ensured the 464 absence of additional spikes in the calcium response window of 200 ms. For GCaMP6f, spiking 465 events were separated from previous and subsequent spiking events by >50 ms. Within each 466 spiking event, spike summation windows were 150 ms and 50 ms for GCaMP6s and GCaMP6f, and 20 ms before the first spike for GCaMP6s and GCaMP6f, respectively. For GCaMP6s, peak 472 dF/F was found within 200 ms after the first spike. For GCaMP6f, a variable calcium response 473 window was used: peak dF/F was found within 50 ms and 75 ms after the first spike for single-474 spike and multi-spike events, respectively. Bursts of >5 spikes were excluded from analysis due 475 to the low frequency of such events. Alignment jitter intrinsic to the imaging frame rate was ≤6.3 476 ms in 86 of 91 cells (imaged at 158.7 fps), with mean expected error of 3.2 ms, and between 477 ≤5.6 ms to ≤8.5 ms in others (imaged at 117.6-178.6 fps), with mean expected error of 2.8 to 478
ms. 479 480
To compare mean single-spike dF/F peak responses to imaging noise, imaging noise was 481 estimated as follows: we found no-spike intervals of ≥1 s, separated by ≥4 s and ≥1 s from 482 previous and subsequent spikes, respectively, and randomly sampled the m corresponding 483 calcium fluorescence traces n times, where m×n approximately matched the number of single-484 spike events. Noise (zero-spike) dF/F peak was computed using the same calcium response 485 windows as single-spike events (50 ms and 200 ms for GCaMP6f and GCaMp6s, respectively). 486
487
To quantify the efficiency of detecting spiking events at a single-trial level, we compared dF/F 488 traces of the response (single-spike events or 2-spike events) to that of imaging noise. To 489 estimate imaging noise, calcium fluorescence traces during no-spike intervals were randomly 490 sampled as described above, for a minimum of 25 times. For each cell, the mean response 491 trace was used as the template vector. The template vector was normalized after subtracting 492 the mean to create the unit vector, and the scalar results of projecting the response and noise 493 traces on the unit vector were computed: ri and ni for response and noise scalars, respectively. 494
The detection threshold was defined as the x th percentile of ni values, where 1-x represented the 495 false positive rate (e.g., x = 95 for 95 th percentile or 5% false positive rate), and the detection 496 rate (true positive rate) was the fraction of ri values above the detection threshold. 497
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Tolias 627 n = 9 cells from 2 mice using urethane (0 spontaneous and 9 visually-evoked recordings); n = 23 cells 628 from 5 mice using isoflurane (21 spontaneous and 2 visually-evoked recordings). Cux2-f: n = 5 cells from 629 2 mice using urethane (3 spontaneous and 2 visually-evoked recordings); n = 22 cells from 5 mice using 630 isoflurane (1 spontaneous and 21 visually-evoked recordings). Spike summation windows were 150 ms 631 and 50 ms for GCaMP6s and GCaMP6f, respectively. 632 633 634 
